Initial chondrocyte-silk fibroin interactions are implicated in chondrogenesis when using fibroin as a scaffold for chondrocytes. Here, we focused on integrin-mediated cell-scaffold adhesion and prepared cell adhesive fibroin in which a tandem repeat of the Arg-Gly-Asp-Ser (RGDS) sequence was genetically interfused in the fibroin light chain (L-chain) (L-RGDSx2 fibroin). We investigated the effects of the sequence on chondrocyte adhesion and cartilage synthesis, in comparison to the effects of fibronectin. As the physicochemical surface properties (e.g., wettability and  potential) of the fibroin substrate were not affected by the modification, specific cell adhesion to the RGDS predominately changed the chondrocyte adhesive state. This suggestion was also supported by the competitive inhibition of chondrocyte attachment to the L-RGDSx2 fibroin substrate with soluble RGD peptides in the medium. Unlike fibronectin, the expression of RGDS in the fibroin L-chain had no effect on chondrocyte spreading area but enhanced mRNA expression levels of integrins 5 and 1, and aggrecan at 12 hrs after seeding. Although both the sequence and fibronectin increased cell adhesive force, chondrocytes grown on the fibroin substrate exhibited a peak in the force with time in culture. These results suggested that moderate chondrocyte adhesion to fibroin induced by the RGDS sequence was able to maintain the chondrogenic phenotype and, from the histology findings, the sequence could facilitate chondrogenesis.
Introduction
A large number of cells with the chondrogenic phenotype are required for clinical cartilage regeneration. However, the cellular supply source is limited when autologous cartilage cells are used for tissue-engineered therapy. To resolve this problem, numerous biomaterials have been developed for tissue regeneration by applying chemical and/or genetic modification technologies, and focusing on modulation of cell adhesive activities [1] [2] [3] [4] [5] [6] [7] [8] [9] . Our previous studies have shown that chondrocytes cultured using a porous silk fibroin sponge can proliferate well and synthesize glycosaminoglycan (GAG) which consists of cartilage-specific extracellular matrices (ECMs) [10] . We have also reported the in vivo functions of a silk fibroin scaffold for cartilage repair in a rabbit model [11] . Subsequently, Yamamoto et al.
focused on the initial cell adhesion to the fibroin scaffold and investigated the time-dependent adhesive states between a chondrocyte and a fibroin substrate by evaluating the cell detachment force [12] . They showed that the adhesive force per unit cell spreading area of chondrocytes grown on a fibroin substrate was at a maximum value between 6 and 9 hrs after seeding; this peak was not observed in chondrocytes grown on a glass substrate, where the cells were reported not to proliferate or synthesize cartilage matrices [13] . The results of these studies indicate that fibroin-induced cell adhesion is associated with the stability of the chondrogenic phenotype and cartilage ECM synthesis.
An Arg-Gly-Asp (RGD) amino acid sequence is the minimum unit of a cell adhesive activity domain in adherent proteins, such as fibronectin, fibrin, and vitronectin, which are all ligands of integrins [14] [15] [16] . In addition the sequence is generally used to modulate cell adhesion to artificial materials. In culture, simple addition of RGD peptides or adherent proteins to a scaffold tends to facilitate the dedifferentiation of chondrocytes [5, 17] . However, artificially immobilized RGD in/on scaffold components applied with physical or chemical modifications was reported to have some stimulatory effects on the synthesis of GAG [7, 8] . Tigli and Gumusderelioglu reported that murine chondrogenic ATDC5 cells cultured in a chitosan scaffold modified with RGD by covalent immobilization produced more GAG than cells grown in a control chitosan scaffold [7] . Jung et al. also reported that chondrocytes cultured in acrylic acid-grafted poly(L-lactic acid) scaffolds on which RGD peptides were chemically immobilized showed higher cellularity and increased accumulation of GAG than control cells [8] .
In the present study, we have investigated the effect of changes in fibroin-induced cell adhesion on cartilage tissue formation using RGDS-transgenic fibroin, particularly focusing on the initial chondrocyte-material adhesion. Fibroin protein consists of a heavy chain (H-chain; molecular weight, 360 kDa) and a light chain (L-chain; molecular weight, 27 kDa), which are linked by a disulfide bond to form a heterodimer [18] . There have been several studies of genetic modification of the H-chain [19] or the L-chain [20] [21] [22] [23] . As the L-chain protein can be cloned and modified more easily than the H-chain [19] , a tandem repeat of Arg-Gly-Asp-Ser ((RGDS) 2 ) was successfully interfused by genetic engineering methods [24] and stably expressed in the fibroin L-chain (L-RGDSx2 fibroin). The initial adhesion of chondrocytes on the substrate was evaluated by measuring adhesive force and spreading area.
Cell morphology was also observed by immunofluorescence staining of F-actin and vinculin, and relative messenger RNA (mRNA) expression levels were measured. Additionally, the performance of L-RGDSx2 fibroin sponge as a chondrocyte scaffold was evaluated histologically.
Materials and Methods

Chondrocytes
Chondrocytes were prepared as described previously [10] [11] [12] . Briefly, articular cartilage tissues were aseptically harvested from the proximal humerus, distal femur and proximal tibia of 4-week-old Japanese white rabbits (Oriental Bio Service Co., Ltd., Japan). Chondrocytes were isolated via enzymatic digestion. After obtaining a single-cell suspension, the cells were cultured to 80% confluence on a T-flask (Asahi Glass Co., Ltd., Japan) with Dulbecco's modified Eagle's Medium (DMEM) (Nacalai Tesque, Inc., Japan) containing 10% fetal bovine serum (FBS) (Nacalai Tesque, Inc.) and 1% antibiotic mixture (10,000 units/ml penicillin, 10,000 µg/ml streptomycin, and 25 µg/ml amphotericin B) (Nacalai Tesque, Inc.) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 for 5 to 7 days. The medium was changed every 2 or 3 days.
Plasmids
The plasmids used for silkworm transgenesis in this study are being prepared for publication. Briefly, pLp-LcDNA-EGFP-L3'UTR and pBac(3xP3-DsRed2afm) constructs were prepared as described by Inoue et al. [21] . An RGDSRGDS-fused fibroin-L-chain construct, pLLL-2xRGDSen, was prepared as follows. Two oligonucleotides (2xRGDS-5: 5'-GAT CGT GGA GAC AGC CGT GGA GAC AGC TGA-3' and 2xRGDS-3en: 5'-AGC TTC AGC TGT CTC CAC GGC TGT CTC CAC-3') were mixed at 100 pmol/µl each in polymerase chain reaction (PCR) buffer (TAKARA BIO Inc., Japan) for 1min at 95°C, and then incubated overnight at room temperature (RT) to prepare an oligonucleotide cassette.
Following this, the cassette was ligated with BamHI and HindIII digested pLp-LcDNA-EGFP-L3'UTR. The resultant plasmid was designated pLLL-2xRGDSen. To obtain a transfer plasmid, the expression cassette in pLLL-2xRGDSen was digested into two pieces with HindIII and EcoRV, and HindIII and BglII. Finally, the resulting fragment was cloned between BglII and the blunt-ended AscI site of pBac(3xP3-DsRed2afm), and then designated pBac(3xP3-DsRed2afm)_LLL-2xRGDSen.
Generation of transgenic silkworms
The genetic modification of the Bombyx mori silkworm performed in the present study is being prepared for publication. Briefly, silkworm transgenesis was performed as described by DsRed2 expression 6 to 7 days after oviposition. The transgenic silkworms were reared together and sib-mated for at least three generations, with sequential screening by the strong excitation of DsRed2 fluorescence in the adult eye.
Preparation of plate substrates and chondrocyte seeding
Protein substrates were prepared using wild-type fibroin (WTF), L-RGDSx2 fibroin (LRF) and fibronectin (FN), and non-coated glass was used as a control substrate (CON). Proteins were coated on the following glass plates (Matsunami Glass Ind., Ltd., Japan): ultra-thin glass plates Wild-type silk fibroin aqueous solution was prepared from degummed silk fibers of B. mori silkworm cocoons [10] [11] [12] . The L-RGDSx2 fibroin protein contained modified fibroin L-chains fused with the (RGDS) 2 sequences at the amino-terminus. The L-RGDSx2 fibroin was produced by transgenic silkworms generated as described in section 2.3. The L-RGDSx2 fibroin aqueous solution was prepared using the same technique as for the preparation of the wild-type fibroin aqueous solution. The concentration of both fibroin solutions was adjusted to 1.0% (wt/vol) for all coating treatments, as described previously [12] . Fibroin-coated glass plates were extensively washed with phosphate-buffered saline (PBS) (Nacalai Tesque, Inc.) before use. Fibronectin substrates were prepared with ProNectin ® F (Sanyo Chemical Industries, Ltd., Japan) according to the manufacturer's instructions. Briefly, a stock solution was diluted to 10 µg/ml in PBS, and glass plates were soaked in the diluted solution for 5 mins at RT. After removing the coating solution, the glass plates were washed twice with PBS.
After expansion in culture, chondrocytes were removed from the flask by mixing with 0.25% trypsin-EDTA (Nacalai Tesque, Inc.) and washed twice with PBS. The cells were seeded onto each substrate at 2.0 × 10 4 cells/cm 2 and incubated with DMEM containing 10% FBS and 1% antibiotic mixture at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
Preparation of fibroin sponges and chondrocyte seeding
WTF sponges were prepared as described previously [10, 11, 25] . Briefly, a 4.0% (wt/vol) WTF solution was prepared from silkworm cocoons. After the addition of a water-soluble organic solvent (1% dimethyl sulfoxide), the fibroin protein solution was frozen for 24 hrs to form a sponge-like material by phase separation. LRF sponges were prepared from transgenic silkworm cocoons using the same protocol for preparing WTF sponges. The sponges had a porous structure with a mean pore diameter of about 80 µm. They were sterilized in an autoclave before use.
After expansion, chondrocytes were trypsinized and rinsed twice with PBS. The cells were seeded onto the fibroin scaffold (diameter, 8 mm; thickness, 1 mm) at a concentration of 5.0 × 10 5 cells/scaffold and cultured with DMEM containing 10% FBS, 1% antibiotic mixture, and 0.2 mM ascorbic acid (A8960, Sigma-Aldrich Co., USA) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . The medium was changed every 2 days.
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used to observe the effect of the genetic modification on the topology of fibroin films and fibroin sponges. In preparation of the fibroin-coated glass plates, the plates were washed extensively with ultrapure water and dried in a clean bench. Immediately following this, they were sputter-coated with gold-palladium using an E-1010 instrument (Hitachi Ltd., Japan) and imaged by a scanning electron microscope (S-2380N, Hitachi Ltd.). Three different specimens of each fibroin film were used for the observation.
In preparation of the fibroin sponges, the sponges were washed twice with PBS for 10 mins and dehydrated in a graded ethanol series (70%, 80%, 90%, 95%, and 100% ethanol for 5, 5, 10, 10, and 10 mins, respectively). The remaining ethanol was replaced by incubating twice in tert-butyl alcohol for 10 mins. Specimens were then frozen on dry ice and dried using an ES-2030 instrument (Hitachi Ltd.). Following this, the freeze-dried fibroin sponges were sputter-coated with gold-palladium and imaged as described above. Three different samples of each fibroin sponge were used for the observation.
Chondrocyte attachment to substrates and competitive inhibition with soluble RGD peptides
The influence of different substrates on the attachment of chondrocytes was observed using a phase-contrast microscope (IX-71, Olympus Corp., Japan). At 24 hrs after seeding, the cells on each substrate were washed twice with PBS and fixed with 4% paraformaldehyde (PFA) solution for 15 mins at RT. After removing the solution, a constant amount (1 ml) of PBS was added and then the attaching cells were photographed. Chondrocytes were incubated on LRF substrates with serum-free medium containing different concentrations (0, 0.1, 1, and 10 µg/ml) of Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) peptides (SP001, TAKARA BIO Inc.). After incubation for 24 hrs, the cells were photographed, as described above. Experiments were repeated at least three times, and similar results were noted each time.
Measurement of surface properties of substrates
The surface properties of the substrates as represented by contact angle and  potential were evaluated immediately after the samples were extensively washed with ultrapure water and dried in a clean bench. Static water contact angles on the substrates were determined by the sessile drop method using CA-Z2 (Kyowa Interface Science Co., Ltd., Japan) at RT. A droplet (4 µl) of ultrapure water was placed on the surface of a sample and the contact angle was measured. This procedure was repeated three times at different areas on the same surface, and the contact angle of the sample was determined as the mean value of the three measurements. Three different samples in each group were used to determine the contact angle of the group.
The  potential of each substrate was measured using an ELS-7000AS instrument with the cell unit for flat plate samples (Otsuka Electronics Co., Ltd., Japan) in 10 mM NaCl at 25°C.
The pH of the streaming solution was adjusted to 7.4 with HCl and NaOH aqueous solutions.
Three different samples in each group were used to determine the  potential of the group.
Apparatus and procedure for measuring adhesive force
Adhesive force was measured as described previously [12] . Briefly, after incubation for 3, 6, 9, 12, or 24 hrs, an ultra-thin glass plate seeded with chondrocytes was fixed to the holder and completely submerged into a chamber filled with L-15 medium (Invitrogen Corp., USA;
containing 10% FBS and 1% antibiotic mixture) pre-warmed to 37°C. The plate acted as a cantilever, and a micropipette aspirator was used to hold a single cell adhering to the substrate.
The cell was detached by pulling the micropipette at a constant rate of 5 m/s using a motorized single-axis stage (KS101-20HD, Suruga Seiki Co., Ltd., Japan). In this experiment, adhesive force was calculated as the maximum deflection of the glass plate observed through a video microscope (DG-2, Scalar Co., Japan) connected to a time-lapse video capture board (GV-MVP/RX3, I-O Data Device Inc., Japan). Force (F) is given by F = 3IEL -3 , where E is Young's modulus, I is the moment of inertia of the area, L is the length from the fixed edge of a leaf spring to a cell, and  is the maximum deflection at L, which can vary in accordance with the attachment position of a micropipette.
This measurement was performed at RT. The maximum deflection  of the leaf spring was determined by counting the pixels using ImageJ (National Institute of Health, USA) from the photographs taken during the detaching process. The number of measurements of adhesive force in each group at 3, 6, 9, 12, and 24 hrs after seeding was as follows: WTF group, n = 17, 10, 13, 24, and 19; LRF group, n = 13, 13, 7, 9, and 16; CON group, n = 26, 31, 39, 40, and 27; and FN group, n = 24, 27, 31, 38, and 36, respectively.
Measurement of cell spreading area
Chondrocytes were seeded onto four different substrates as described above. After incubation for 3, 6, 9, 12, or 24 hrs, the cells were washed twice with PBS and then fixed with 
Immunofluorescence staining of F-actin and vinculin
After incubation for 6, 12, or 24 hrs, F-actin, vinculin, and the nucleus of chondrocytes grown on the substrates were stained as described previously [12] . Briefly, after fixing with 4% PFA solution, the cells were permeabilized in 0.1% Triton X-100 (9690T, Research Organics, Inc., USA), and then incubated in fresh blocking solution prepared with 1% 
Real-time PCR analysis
After incubation for 6, 12, or 24 hrs, chondrocytes cultured on each substrate were washed twice with ice-cold PBS and then removed from the substrate by scraping with a cell scraper (Asahi Glass Co., Ltd.) on ice. mRNA was extracted from the cells using the mRNA Capture kit (Roche Diagnostics, Germany), and then cDNA was synthesized by reverse-transcription PCR using the Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics) and thermal cycler (PC-320, Astec Co., Ltd., Japan). The synthesized cDNA from each group was stored at -20 o C until use.
Real-time PCR was performed using the LightCycler ® FastStart DNA Master PLUS SYBR Green I (Roche Diagnostics), and SYBR Green PCR amplification and real-time fluorescence detection were performed using the LightCycler ® ST300 (Roche Diagnostics). Primers (Sigma-Aldrich Co.) were designed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the house-keeping gene, integrins 5 and 1, aggrecan, and collagen type II I chain. Primer sequences for the rabbit GAPDH gene (PudMed ID#: L23961) were as follows: forward primer 5'-TCA CCA TCT TCC AGG AGC GA-3'; reverse primer 5'-CAC AAT GCC GAA GTG GTC GT-3' [26] . Primer sequences for the rabbit integrin 5 gene (PudMed ID#: S77513) were as follows: forward primer 5'-GGC AGC TAT GGC GTC CCA CTG TGG-3'; reverse primer 5'-GGC ATC AGA GGT GGC TGG AGG CTT-3' [27] . Primer sequences for the rabbit integrin 1 gene (PudMed ID#: S77516) were as follows: forward primer 5'-GTG GTT GCT GGA ATT GTT CTT ATT-3'; reverse primer 5'-TTT TCC CTC ATA CTT CGG ATT GAC-3' [27] . Primer sequences for the rabbit aggrecan gene (PudMed ID#: L38480) were as follows: forward primer 5'-CTA CGA CGC CAT CTG CTA CA-3'; reverse primer 5'-CCT CTT CAG TCC CGT TCT-3'. Primer sequences for the rabbit collagen type II I chain gene (PudMed ID#: S83370) were as follows: forward primer 5'-GCA CCC ATG GAC ATT GGA GGG-3'; reverse primer 5'-GAC ACG GAG TAG CAC CAT CG-3' [28] . In each group at each time point, n = 4 for mRNA expression levels, except for the levels of aggrecan in the WTF and LRF groups at 6 hrs after seeding (n = 3).
Histological evaluation of regenerated cartilage
After culturing for 3 or 7 days, regenerated cartilage organized in/on WTF or LRF sponges was fixed with 20% neutral buffered formalin and incubated for more than 24 hrs at 4°C. Samples were embedded in paraffin and cut into 7-µm-thick sections. Specimens were sectioned parallel to the length of the scaffold, and stained for safranin O and immunostained for collagen type I (F-56, DAIICHI FINE CHEMICAL Co., Ltd., Japan) and type II (F-57, DAIICHI FINE CHEMICAL Co., Ltd.). Photographs of stained samples were taken under a microscope. From each group, three samples were prepared for the staining, and for repeatability, culture experiments were performed in triplicate.
Statistical analysis
Quantitative data were analyzed between WTF and LRF groups and between CON and FN groups using two-sided Student's t-test. A value of p<0.05 was considered significant. In all figures, asterisks indicate statistical significance between WTF and LRF groups, and sharp symbols indicate differences between CON and FN groups.
Results
Observations of fibroin films by SEM and chondrocyte attachment
The representative scanning electron micrographs of the WTF and LRF films are shown in Fig. 1A . Both surfaces were almost uniform, and no marked topological differences between the WTF and LRF substrates were observed.
Chondrocytes cultured on each substrate for 24 hrs are shown in Fig. 1B . The number of cells that attached to the FN and LRF substrates appeared to be higher than the number of cells that attached to the CON and WTF substrates. However, as shown in Fig. 1C , chondrocyte adhesion to an LRF substrate was inhibited dose-dependently by GRGDSP peptide in the medium.
Surface properties of substrates
Surface properties such as contact angle and  potential of each substrate are shown in Table 1 . There were no significant differences in either contact angle or  potential between the WTF and LRF groups or between the CON and FN groups.
Cell adhesive force
The time-dependent changes in adhesive force of chondrocytes grown on each substrate are shown in Fig. 2 . The LRF and FN groups tended to show higher adhesive force than the WTF and CON groups, respectively. However, during 12 hrs after seeding, the LRF group demonstrated more force than the WTF group, while the FN group showed more force than the CON group after 12h. The adhesive force of the LRF group was significantly higher than that of the WTF group at 3, 9, and 12 hrs after seeding, but significantly lower at 24 hrs. The FN group showed significantly higher adhesive force than the CON group only at 12 hrs after seeding. In the WTF and LRF groups, the adhesive force did not change monotonically as in the CON and FN groups, but instead reached a maximum value within 12 hrs after seeding.
Cell spreading area
The cell spreading area as a function of culture time is shown in Fig. 3 . No significant differences were found between the WTF and LRF groups; both groups tended to show similar temporal changes in spreading area. On the other hand, chondrocytes grown on the FN substrate tended spread to a larger area than those grown on the CON substrate, and these effects were significant at 6 and 24 hrs after seeding.
Cell morphology
The representative photographs of F-actin and vinculin staining for each substrate at 6 and 12 hrs after seeding are shown in Fig. 4 . At 6 hrs after seeding, immature actin fibers and dot-like vinculin were sporadically present in chondrocytes grown on both the WTF and LRF substrates. At 12 hrs, this cell morphology was not observed but polymerized actin fibers were formed, and dash-like vinculin was observed at the cell processes in the LRF group. Finally, at 24 hrs after seeding, the latter F-actin structure and vinculin distributions were observed in both the WTF and LRF groups (data not shown). As described above, temporal morphology changes were shown in chondrocytes cultured on the two fibroin substrates. In contrast, polymerized actin fibers and dash-like vinculin were constantly observed in the CON and FN groups. Figure 5 shows the transitions of the mRNA expression levels of integrins 5 and 1, aggrecan, and collagen type II at 6, 12, and 24 hrs after seeding normalized with respect to the expression level at baseline (0 hr). The aggrecan expression in the WTF and LRF groups showed a peak within 24 hrs after seeding, whereas the aggrecan expression in the CON and FN groups only changed slightly with time. The LRF group exhibited higher expression of aggrecan and integrins 5 and 1 at 12 hrs, whereas there were no significant differences in the mRNA expression levels between the CON and FN groups. Figure 6A shows the representative scanning electron micrographs for the WTF and LRF sponges. Both sponges appeared to be similar in their morphology, possessing similar pore size and pore size distribution.
mRNA expression levels
SEM observation of fibroin sponges and histology findings
Photographs of stained regenerated cartilage synthesized on the WTF and LRF scaffolds are shown in Fig. 6B . Cartilage-like tissues were better formed in the LRF group than in the WTF group after 3 days in culture. Furthermore, after culturing for 7 days, two-to three-fold thicker matrices were formed at the surface of the LRF scaffold compared to the WTF scaffold. The expression of collagen type I was not detected in both groups.
Discussion
It is generally thought that introduction of RGD peptides into a substrate facilitates integrin-mediated cell attachment. In the present study, this theory was confirmed by the fact that the FN and LRF substrates had a higher cell-adhesive activity than the CON and WTF substrates, respectively, as shown in Fig. 1B . However, it is widely accepted that in addition to integrin-mediated biologic adhesion, surface properties of a material (e.g., wettability and charge) greatly affect cell-substrate adhesion [29] [30] [31] [32] [33] [34] . In the present study, there were no marked differences in contact angle or  potential between the WTF and LRF substrates or between the CON and FN substrates, suggesting that the physicochemical properties of the substrates have little impact on levels of chondrocyte adhesion.
Integrins appear to be the major cell surface receptors by which a cell can adhere mechanically to ECMs, and chondrocytes have been shown to express several members of the integrin family [35] . Competitive inhibition of chondrocyte attachment to an LRF substrate with soluble GRGDSP peptides indicated that integrin receptors on a suspending chondrocyte were blocked by the peptides and could not bind to ligands on the surface of a substrate.
These results suggest that differences in cell-adhesive activity between the WTF and LRF substrates were caused by ligands that did not exist on the WTF substrate, that is, RGDS sequences expressed in the fibroin L-chain proteins. Therefore, RGDS in the L-chain likely affected adhesion, suggesting that biologic rather than physicochemical adhesion was predominant in the present experiments.
Generally, by the enhancement of chondrocyte adhesion to their scaffold, chondrocytes tend to lose their chondrogenic phenotype [5, 6, 17] , and mechanical adhesion is affected to increase the cell adhesive force [36] . The latter effect was seen with both RGDS expressed in the fibroin L-chain and fibronectin coated on a glass substrate. The mRNA expression of aggrecan, which encodes cartilage-specific proteoglycan, peaked at a similar level in the WTF and LRF groups, although its expression was delayed in the latter. In addition, chondrocytes grown on L-RGDSx2 fibroin sponges could better synthesize cartilage in ECMs than those cultured on WTF sponges during the early culture period. These results suggest that RGDS genetically interfused in the L-chain can facilitate cell adhesive strength, without down-regulating the chondrocyte-specific phenotype.
Chondrocytes grown on the WTF and LRF substrates exhibited a maximum adhesive force within 12 hrs after seeding, but both the CON and FN groups showed only a monotonic increase. Others have also shown monotonous enhancement of adhesive force in cells cultured on glass, fibronectin, or a culture dish, although the detaching process and direction of force measurement were different [36] [37] [38] . These results could indicate that the specific changes in adhesive force of the WTF and LRF groups were predominantly affected by the fibroin, and that the RGDS sequences in the L-chain had an influence on the expression period and the peak value. However, the RGDS appeared to have no effect on cell spreading, unlike the enhancement effect of fibronectin coated on a glass substrate and RGD peptides fixed on a substrate as seen in both the present and previous studies [1, 2] .
Considering that proteoglycan has been reported to inhibit and regulate integrin-mediated cell-material adhesion [39, 40] , the specific gene expression of integrins 5 and 1, which recognize an RGD sequence in ECMs [14] [15] [16] 35] , and aggrecan in the LRF group could be related to the adhesive force. Furthermore, higher gene expression of integrins in the LRF group might affect the earlier changes in actin polymerizations and distributions of focal adhesion points. This is supported by observations that integrins bind to the cytoskeleton (to a polymerized actin called F-actin), mediated by anchor molecules such as vinculin, talin, and -actinin, and clusters to construct focal adhesions [41] [42] [43] . Although the development of F-actin and the expression of focal adhesion points are important factors for adhesive force [12, [36] [37] [38] , there appears to be no relations between them in chondrocytes grown on the two fibroin substrates.
The results of the present study suggest that RGDS amino acids genetically interfused in the L-chain protein of the silk fibroin facilitate cartilage tissue formation as shown in Fig. 6B but, in contrast to fibronectin, do not induce spreading and dedifferentiation of chondrocytes.
Hsu et al. suspected that the effect of RGD could be substrate (scaffold)-dependent [5] . Jung et al. suggested that an optimal concentration of RGD might vary in different cell or substrate types and help to form cartilaginous tissues, but very strong adhesion is likely to suppress matrix production [8] . The results of adhesion of a single chondrocyte grown on an LRF substrate suggest that adhesion between a chondrocyte and an L-RGDSx2 fibroin substrate, unlike fibronectin, was not excessively strong; instead, moderate adhesion was sufficient to maintain the chondrogenic phenotype. In particular, the specific enhancement effect on peak adhesive force might influence the organization of cartilage tissues because a peak was not observed in the force of chondrocytes cultured on glass or fibronectin substrates, on which chondrocytes cannot synthesize hyaline-like cartilage tissues [13, 17] . Although it is difficult to precisely explain the mechanisms involved in the specific behavior of initial adhesion and chondrogenesis from the results of the present study alone, changes in adhesive force are crucial via the deformation of cell membranes, the distribution pattern of focal contacts, and the effect of substances synthesized by chondrocytes, as described previously by Yamamoto et al. [12] . These factors can affect the signal cascade of phenotypic expression and/or production of ECMs [44, 45] . Hence, considering that there was no significant difference in the number of chondrocytes initially trapped on/in WTF or LRF scaffolds [46] , early integrin-mediated signal changes induced by the adhesion to LRF within 24 hrs (i.e., the increase and/or delay of integrin mRNA expressions as shown in Fig. 5 ) might stimulate chondrogenesis. Another possibility is that the adhesive force of chondrocytes affected their migration and aggregation, which resulted in the formation of cartilaginous tissues. This suggestion is supported by the findings that cell adhesive strength is related to cell motility [47, 48] and that chondrocyte movement and distribution in a fibroin sponge play a central role in the production of cartilage-specific matrices (unpublished observations).
A fibroin H-chain protein is reported to be composed of a crystalline region linked with an amorphous region [49] , whereas it is assumed that there are no crystal structures in an L-chain [18, 50] (where the RGDS sequences are fused in the present study). On the other hand, ProNectin ® F, used as fibronectin in this study, is reported to be composed of the crystallized sequence containing (Gly-Ala-Gly-Ala-Gly-Ser) 9 ((GAGAGS) 9 ) from fibroin H-chain, which forms a -sheet structure where a 10 amino acid sequence from fibronectin containing RGDS is presented in turn [51, 52] . Additionally, cell-adhesive activity of an RGD sequence can be affected by its conformation [53, 54] . Therefore, the specific effects of RGDS in the fibroin L-chain might be ascribable to the activity of the amino acids and the conformational effects of the sequences. However, to confirm these theories it is necessary to investigate these factors further in future studies.
Conclusions
The results of the present study have demonstrated that chondrocytes grown on the L-RGDSx2 fibroin substrate show similar spreading area but higher mRNA expression levels of integrins 5 and 1 at 12 hrs after seeding compared to the cells on the wild-type fibroin substrate. Further, the specific enhancement of the peak adhesive force has been exhibited within 12 hrs. These changes were not shown between chondrocytes culture on glass and fibronectin substrates. The study also suggests that the sequence in the L-chain can facilitate the synthesis of cartilage tissue. Data is shown in the form: mean ± SD. Three different samples in each group were used to determine the contact angle and  potential of the group. n.s.: No significant differences were detected between the WTF and LRF substrates, and between the CON and FN substrates by the two-sided Student's t-test. 
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